Kinesin walks processively on microtubules (MTs) in an asymmetric hand-over-hand manner consuming one ATP molecule per 16 nm step. The contributions due to docking of the approximately thirteen residue neck linker to the leading head (deemed to be the power stroke), and diffusion of the trailing head contribute in propelling the motor by 16 nm have not been quantified. We use molecular simulations by creating a new coarse-grained model of the microtubulekinesin complex, which reproduces the measured stall force as well as the force required to dislodge the motor head from the MT, to show that nearly three quarters of the step occurs by bidirectional stochastic motion of the TH. However, docking of the neck linker to the leading head constrains the extent of diffusion and minimizes the probability that kinesin takes side steps implying that both the events are necessary in the motility of kinesin, and for the maintenance of processivity. Surprisingly, we find that during a single step the trailing head stochastically hops multiple times between the geometrically accessible neighboring sites on the MT prior to forming a stable interaction with the target binding site with correct orientation between the motor head and the α/β tubulin dimer. Bidirectional Stochasticity | Tethered Head Diffusion | Microtubule-Kinesin Complex | Minimizing Side Steps | 1 | vol. XXX | no. XX | 1-8 h = 0.3 Kcal/mol. Calibrating the MT-TH interaction by reproducing the unbinding force (Fu). Experiments show that the unbinding force for 2 | www.pnas.org/cgi/
D irectional transport of intracellular vesicles along polar tracks (actin and microtubule (MT)) is carried out by a variety of molecular motors (1) . The crucial function is executed by the three families of motor proteins (myosin, kinesin, and dynein), many of which preferentially move towards a certain direction along a particular polar cytoskeletal track (2) . For example, kinesin-1 (Kin1) or conventional kinesin, pulls cargo towards the plus (+) end of the microtubule (MT) (2) (3) (4) . It is now firmly established, thanks to a number of high precision experiments, that kinesin with two motor domains walks in a hand-over-hand manner (5) (6) (7) (8) , by consuming one ATP molecule per step (9) . Despite the small size of the motor domain, Kin-1 is a powerful and fast motor, moving towards the (+) end of the microtubule (MT) resisting forces up to 7 pN (10, 11) , which is larger or equal than the stall forces of bigger motors (12, 13) , such as dynein (1-7) pN and myosin (approximately 3 pN). Kin-1 moves towards the (+) end processively at a speed of ∼ 800 nm / sec (10) , which is greater than both myosin V (∼ 400 nm/s) and dynein (∼ 100 nm / sec) (14) .
A remarkable series of experimental studies (3, 6, (15) (16) (17) ) from a number of groups has revealed many of the details of the stepping mechanism of kinesin. Two mechanisms have been proposed to explain how kinesin converts chemical energy to mechanical work to walk towards the (+) end of the MT in a hand-over-hand manner. According to the "power stroke" model (8) , neck linker (NL) docking induced by ATP binding to the microtubule-bound leading head (LH), pulls the trailing head (TH) into the neighborhood of the target binding site (TBS) that is 16 nm away from the initial binding site. In this model, the NL with ∼ 13 residues connecting the motor domain to the coiled coil, may be structurally analogous to the easily identifiable lever arm in myosin motors (2) . In contrast, "Brownian ratchet" model (18) posits that ATP hydrolysis in the TH allows it to detach from microtubule to initiate biased diffusional search towards the TBS.
Both models have experimental support. Experiments using single molecule FRET (Fluorescence Resonance Energy Transfer) (19) and fluorescence anisotropy (20) show that the neck linker docks (power stroke) upon ATP binding to the LH, raising the possibility that the motility of kinesin arises predominately from the power stroke mechanism. An optical trap experiment (21) shows that a kinesin mutant, which lacks the cover strand (a major docking site of the NL), can still walk processively but generates much less force. It can, therefore, be concluded that neck linker docking must contribute significantly to force generation. In all likelihood, both power stroke and diffusion are operative in the stepping of kinesin. Until recently (22) the extent of diffusive motion of kinesin has not been reported in experiments (3), although a number of observations support the importance of the Brownian ratchet model. First, the small size of even a fully stretched NL limits the potential physical displacement of the TH upon NL docking to the LH (3) . Second, the temperature dependence of the stepping rates indicates an entropic nature of directional bias (18) that cannot be explained solely by the
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NL docking model. However, the observation that the mutant lacking cover strand walks processively indicates that kinesin could walk by a Brownian ratchet mechanism in the absence of external load.
The two mechanisms are not mutually exclusive (3, 23, 24) . Therefore, an unresolved question is what fraction of the kinesin step is associated with power stroke and diffusion, respectively (3, 25) ? If a large fraction of the step is associated with power stroke, we expect that the TH to move almost unidirectionally covering a majority of the 16 nm, and the bidirectional diffusion could occur only within the neighborhood of the TBS. On the other hand, if a majority of the 16 nm step is covered by diffusion of the TH, we expect that the motion of the TH to be bidirectional, and the extent of stochastic random walk of the TH to be large (> 8 nm, half of the step size). However, if the kinesin step is largely diffusive, what keeps the motor on a single protofilament of the microtubule (26) (27) (28) , which contains multiple protofilaments?
In order to distinguish between the predictions of these two (extreme) models the motion of the kinesin motor head has to be tracked at a microsecond temporal resolution. Despite spectacular advances in using microscopy methods (see for example (22) ) to visualize the stepping kinetics of motors, the needed time resolution to unambiguously track the position of the stepping motor has not been reached. Numerous experiments, starting with the pioneering study by Block and coworkers (29) , which map the motion of the kinesin head (or the position of the load) at lower temporal resolution show an apparently unidirectional step between the initial binding site (0 nm) and the TBS (16 nm). The mechanism of TH motion is "hidden" in the jump time (∼ 30 µs) between the waiting state, detachment of the TH, and subsequent attachment to the MT (both heads are bound to the MT) of kinesin. Unless experiments can track the molecular events in the motor head on shorter time scales (∼ (5-10) µs) one cannot unambiguously assess the interplay of power stroke (involving a structural change in the neck linker) and stochastic motion of the tethered head in resolving the 8 nm step of kinesin.
Given that a globular protein of the size of kinesin head with radius of gyration Rg ≈ 2 nm, can diffuse 16 nm within
∼ 4µs in a medium as viscous as cytoplasm, microsecond resolution may be needed to capture the potential importance of the stochastic bidirectional motion of the TH. However, due to difficulties in tracking kinesin experimentally at microsecond resolution (3), the importance of diffusivity of the kinesin step has been stressed (3, 18) but not been quantified.
Here, we use Brownian dynamics of a coarse-grained (CG) model of microtubule-kinesin (MT-Kin) complex to monitor the motion of kinesin during the 16 nm step at high temporal resolution (24) . Such models (30) have provided considerable insights into a variety of complex biological systems, as first illustrated by Hyeon and Onuchic (HO) (23) in the context of stepping of kinesin. Our simulations, which produce physically realistic picture of how kinesin steps on MT, allow us to follow the motion of the TH and the LH neck linker separately at sub-microsecond resolution by generating several hundred trajectories. We show that a substantial portion of the kinesin step occurs by a diffusive process. However, NL docking provides severe restrictions on the conformational space explored by the TH during the stochastic search for the TBS. Thus, a combination of NL docking and diffusive search for the TBS (16 nm away) is needed for executing the movement of the TH predominantly towards the (+) end of the MT in the absence an external resistive force.
Results
Our model, which mimics the typical single molecule experimental set up closely, consists of the two heads bound to the MT in the resting state. Following our previous study (24) , we include three MT protofilaments, two motor heads, a coiled coil (length ≈ 30 nm) and a 500 nm spherical cargo (Fig. S1 in the Supplementary Information (SI)). The coiled-coil is connected to the junction at which the two neck linkers, one from each motor domain, meet. The spherical cargo is attached to the ends of the coiled-coil. In order to probe the possibility that the detached motor head could explore the binding sites on the neighboring protofilaments we created a model (details in the SI) containing three of the thirteen MT protofilaments.
Two energy scales determine kinesin motility. In order to ensure that the simulations are realistic, we first reproduced two important experimentally measured mechanical properties of the kinesin motor, the stall force (Fs) (10, 11) and the force required to unbind TH from the MT (Fu) (31) . We expect that Fs and Fu should depend on the two energy scales LH−N L h (the interaction strength between the NL and the LH) and
T H−M T h
(the interaction between the TH and the MT) (24) . Determination of the range of LH−N L h values that reproduces the measured Fs is needed for a realistic description of the NL-LH interaction, which largely determines the role of power stroke in facilitating the kinesin step. Furthermore, the model has to reproduce the measured value of Fu that depends on realistic modeling of the TH-MT interaction, which in turn affects not only the probability that Kin1 could take side steps but also determines the final stages of motor head-MT recognition (24) . The two energy scales, needed to reproduce Fs and Fu, are independent. Residues participating in the LH-NL interaction are in the leading head (LH). In contrast, residues essential for TH-MT interaction are in the trailing head (TH). In addition, our previous study [24] Fig. S2b ). For each set, we measured the probability (P f ) that TH steps forward to the TBS, as well as the probability (P b ) that TH goes back to the initial binding site (IBS). Optical trap experiments (10, 11) indicate that, P f = P b at the stall force, we can mimic both the weak and the strong binding states that kinesin experiences during the reaction cycle. Because the exact timing and condition for ADP release, which strengthens the MT-Kin interaction is still unknown, here we perform simulations under conditions that mimic both weak and strong binding.
Translation motion of the trailing head is diffusive.
A key finding in our simulations is that the search for the TBS is a predominately diffusive process, independent of our choice of
T H−M T h
. We observe large scale bidirectional diffusive motion of the TH throughout the 16 nm step. For example, four representative trajectories where TH completes the 16 nm step ( Fig. 1a-1d ), with varying first passage times, show that the center of mass of the TH fluctuates extensively (along the MT axis). The duration of such bidirectional diffusional search varies from < 10µs ( Fig. 1a ) to > 100µs (Fig. 1d ).
The ensemble average of xT H (t) ( Fig. 1e ) also shows that the TH spends considerable amount of time undergoing stochastic motion even as it is poised to reach the TBS. value that reproduced the experimental unbinding force of (6-9) pN. From the additional simulations and the arguments given above we conclude that for physically reasonable values of T H−M T h the time constants are not greatly affected, allowing us to conclude strongly that temporally more than 95% of the kinesin step is associated with diffusion.
A close examination of a typical trajectory ( Fig. 2 ) reveals that diffusion starts immediately after the TH detaches from the MT. Even when xT H reaches 10 nm at ∼ 1 µs, it subsequently decreases to ∼ 3 nm ( Fig. 2e) . At a later time the TH enters the neighborhood of the TBS at t ∼ 17 µs (see Fig.  2b and the arrow in Fig. 2f ), but again retreats to a position behind the MT-bound leading head at ∼ 20 µs ( Fig. 2e ). Additional evidence for diffusion outside the neighborhood of the TBS comes from the recording of dT H , the distance between the TH and the TBS, as a function of time (Figs. 2c and 2f). It is also clear from Fig. 2f that the TH stochastically searches for the TBS upon detachment from the MT. The diffusive characteristics of the trajectory depicted in Fig. 2 is typical, and we find similar behavior in all the other stepping trajectories as well (for example the ones illustrates in Fig.  1 ). We surmise from the time-dependent changes in both xT H and dT H that the TH undergoes bidirectional diffusion not only within the neighborhood of the TBS, but also throughout the 16 nm step.
Trailing head undergoes isotropic rotational diffusion. Timedependent changes in xT H and dT H reveal only one facet of diffusive behavior of the TH during the kinesin step. The TH also undergoes rotational diffusion. We use θT H (Fig. 2b ) to quantify the extent of rotation of the TH with respect to its center of mass. At t = 0, θT H ≈ 0 • (Fig. 2g ) implying that the TH is bound to the MT with the same orientation as observed in CryoEM image of the kinesin-MT complex ( e0 in Fig. 2a ). We assume that stepping is complete only after the TH achieves the same orientation in the TBS (θT H ≈ 0 • ). During the stepping process, θT H changes randomly between 0 • and 180 • (Fig. 2g ). In the representative trajectory shown in Fig. 2 , the TH is in the vicinity of the TBS at ∼ 17.5 µs. However, at this instant the value of θT H is close to 70 • (Fig. 2g ), which implies that one of the principal axes of the TH that is initially parallel to the MT axis when the TH is bound to the MT (see the black arrow in Fig. 2a ), is almost perpendicular to the MT axis (see the black arrow in Fig. 2b ). Because of the incorrect orientation, the TH fails to bind to the TBS at 17 µs, and diffuses away from the TBS. Only at t ∼ 26 µs does the TH achieve the correct orientation (∼ 0 • , see Fig. 2d ).
The rotational motion of the TH is as important as translation, because kinesin head cannot bind to the MT and function with incorrect orientation (θT H = 0). It has been shown, using alanine scanning, that all residues responsible for MT binding are located on one side of kinesin (32) . Furthermore, crystal structures of the intermediate states during Mg-ADP release and CryoEM structure of the MT-Kin complex suggest that activation of kinesin requires multiple specific contacts with the MT (33) . These results imply that stable binding between the TH and MT as well as the function of kinesin requires specific orientation between the motor head and the MT.
To further demonstrate the importance of rotational diffusion of the TH, we calculated natt the number of times the TH retreats from the TBS due to incorrect orientation (Fig. 2h ). In the trajectory shown in Fig. 2g , dT H transiently reaches ∼ 0 nm at ∼ 17 µs. However, it remains unbound, at t∼ 20µs because θT H = 0. The distribution of the number of such failed attempts ( Fig. 2h ), based on 92 trajectories, shows that only in less than 5 % of trajectories the TH binds to the TBS with the correct orientation at the instant when dT H ≈ 0. Typically, the TH lands and unbinds ∼(3-6) times before it can finish the 16 nm step that satisfies both the distance (dT H ≈ 0) and orientational (θT H ∼ 0 • ) criteria. This explains why in many trajectories the 16nm step takes more than 30 µ s to complete, even though the first passage times estimated based on translational diffusion coefficient and rotational diffusion coefficient (see Fig. S4 ) are only 3.0 µs and 4.0 µ s, respectively. In other words, the first passage time is not the actual binding time (34) . We note here in passing that neither the translational nor the rotational diffusion depends strongly on 249  250  251  252  253  254  255  256  257  258  259  260  261  262  263  264  265  266  267  268  269  270  271  272  273  274  275  276  277  278  279  280  281  282  283  284  285  286  287  288  289  290  291  292  293  294  295  296  297  298  299  300  301  302  303  304  305  306  307  308  309  310   311  312  313  314  315  316  317  318  319  320  321  322  323  324  325  326  327  328  329  330  331  332  333  334  335  336  337  338  339  340  341  342  343  344  345  346  347  348  349  350  351  352  353  354  355  356  357  358  359  360  361  362  363  364  365  366  367  368  369  370  371  372 D R A F T S4). Our simulations show that a great deal of stochasticity is involved in achieving an interface between the TH and MT that satisfies both the distance and orientation criteria.
Because of the diffusive nature of the motion, once the TH leaves the TBS, it could take the TH more than 10 µs to return to the TBS (between 17 µs and 25 µs in Fig. 2g for example). During this time interval, the TH may diffuse as far as 10-12 nm away from the TBS, as illustrated in the time-dependent change in d(t) after 17 µs in Fig. 2f . Taken together, our results show that search for the TBS involves both translational and rotational diffusion. Rotational diffusion of the TH is isotropic but the anisotropic translation motion is greatly (in the absence of applied resistive force) biased towards the (+) end of the MT (24) , which, we show below, is achieved by the NL docking to the LH.
A large diffusion length quantifies stochasticity. Our simulations allow us to quantify the fraction of the kinesin step associated with the power stroke and that due to tethered diffusion. Although such a quantification has been reported for myosin motors (35) in experiments, a similar parsing of the kinesin step is undocumented. We use hundreds of trajectories to measure the fraction associated with power stroke and diffusion. For each trajectory, we first identify the instant when the power stroke associated with neck linker docking is complete (see the inset in Fig. 3a) . We calculated the diffusion length, x df , by measuring the upper and lower values of xT H that are reached after the completion of NL docking. For the trajectory in Fig. 3a , xT H fluctuates between 4 nm and 16 nm after NL docks, and therefore x df = 12 nm. The reason xT H does not fluctuate between 0 and 16 nm, is that once NL docks to the LH the limited length of the stretched TH neck linker prevents the TH from diffusing back to the initial binding site. Thus, the lower bound, 4 nm, corresponds to the fraction of 16 nm due to power stroke (xps) in this trajectory. The distribution of xps, based on 100 trajectories, shows that in general the power stroke is responsible for 3-5 nm of the total 16 nm step (Fig. 3a) . Therefore, the diffusion length has to be in the range ∼ (11-13) nm in most of the trajectories for successful completion of a step.
Kinesin hops stochastically between multiple geometrically accessible binding sites on the MT. Does TH visit binding sites on neighboring protofilaments? This question is pertinent not only because the MT has multiple protofilaments but also because of our finding that nearly three quarters of the 16 nm step is associated with diffusion of the TH. We find that the TH not only visits neighboring protofilaments but also hops repeatedly between the binding sites on neighboring protofilaments and the TBS. For example, in a single trajectory (see the inset of Fig. 3b ) the TH first hops from the lower right binding site to the TBS, then diffuses from the TBS to the binding site below the site occupied by the LH. Subsequently, the TH revisits the lower right binding site, before finally being captured by the TBS. On an average, TH hops 2-3 times within 30 µs (Fig. 3b ). The average hopping rate, calculated based on hundreds of such events, is ∼ 10 µs −1 .
The results in Fig. 3b suggest that the TH may hop multiple times during a single kinesin step, depending on the affinity between ADP-bound TH and the MT. If the affinity is sufficient to trap the ADP-bound TH at a specific binding site, which requires the correct orientation of the motor head (most likely the TBS) with respect to the MT the TH may only hop between the geometrically allowed sites on the neighboring protofilaments 1-3 times within a step. On the other hand, if none of the accessible binding sites can trap the ADP-bound TH, hopping of the TH may persist until ADP release occurs. Release of ADP strengthens MT-kinesin interaction and hence would result in the cessation of the diffusional search and stochastic hopping. Given that the ADP release time (∼ ms) is much slower than the average hopping time between binding sites (∼ 10 µs), it is likely that TH could potentially hop hundreds of times within a single step.
NL docking constrains diffusion of the TH to minimize side steps. So far, we have provided four lines of evidence support the diffusive nature of the kinesin step: (i) high resolution recording of the translational and rotational motion of the TH (Figs. 2a-2g ), (ii) multiple attempts to bind to the TBS (Fig.  2h ), (iii) large diffusion length (Fig. 3a) , and (iv) stochastic hopping between binding sites (Fig. 3b ). These findings might give the erroneous impression that tethered diffusion alone could lead to a site 16 nm away on the same protofilament as the TBS without NL docking playing a significant role. In order to explore if this is indeed the case, we performed a "mutation" simulation, in which NL docking is energetically unfavorable ( LH−N L h = 0). In this case TH is more likely to visit binding sites on neighboring protofilaments besides the TBS (Fig.  4a ). Just as in wild type (WT) simulations (where docking is favorable), we found that the TH stochastically hops between the accessible binding sites due to the diffusive nature of head motion in the mutant simulations. However, in the absence of NL docking, the probability of TH hopping to binding sites on the neighboring protofilaments of the MT is much larger than the probability of reaching the TBS. In contrast, in the WT simulations, the probability of TH reaching the side and initial binding sites is substantially less than finding the TBS. The NL docking essentially prevents the tethered head from reaching the initial binding site, implying that unlike in Myosin V (36) rear foot stomping does not occur. Thus, the restriction imposed by NL docking facilitates kinesin to reach the TBS , even though the movement of the TH after detachment from MT is stochastic.
Neck linker docking also decreases the probability of TH visiting side binding sites because it constrains the sideways extension of the LH neck linker. Our previous study (24) showed that in order for the TH to take a side step, not only the TH neck linker but also the LH neck linker needs to extend sideways. If docking is not energetically favorable, LH neck linker can extend sideways freely (red bins in Fig.  4b ). However, the interaction between the catalytic core and the LH neck linker would limit the sideways extension of the LH neck linker if docking is energetically favorable (black bins in Fig. 4b ). This in turn will reduce the diffusion coefficient somewhat (see Fig. S5 ) and decrease the distribution width of the TH along the y axis (Fig. 4b) . Therefore, although NL docking contributes only 3-5 nm out of 16 nm, it plays a crucial role in restricting the movement of kinesin on a single protofilament. 373  374  375  376  377  378  379  380  381  382  383  384  385  386  387  388  389  390  391  392  393  394  395  396  397  398  399  400  401  402  403  404  405  406  407  408  409  410  411  412  413  414  415  416  417  418  419  420  421  422  423  424  425  426  427  428  429  430  431  432  433  434   435  436  437  438  439  440  441  442  443  444  445  446  447  448  449  450  451  452  453  454  455  456  457  458  459  460  461  462  463  464  465  466  467  468  469  470  471  472  473  474  475  476  477  478  479  480  481  482  483  484  485  486  487  488  489  490  491  492  493  494 495 496 D R A F T S3a). Specifically, we show the motion of T338 (the red curve in Fig. S3b ) at the boundary between the coiled coil and the LH-NL (Fig. S3a) , which docks upon ATP binding. In the same figure, we also plot the motion of the center of mass of the TH (the black curve in Fig. S3b ). Interestingly, the motion of the TH and the docking NL seems to be largely uncorrelated, except at the very early stages. At the instant when LH-NL reaches 5 nm (see the first black dot in Fig. S3b) , the TH has already traveled a distance ≥ 10 nm, indicating that the diffusing TH is ahead of the docking LH-NL. Fig.  S3b shows a plateau in the dynamics of T338 during which xT 338 does not change, while xT H undergoes large changes. As xT 338 fluctuates around 5 nm (between the second and third dots in Fig. S3b) , the xT H diffuses between 4 and 12 nm. The only correlation between xT 338 and xT H seems to be that xT 338 set a lower bound for xT H , meaning xT H rarely drops below the value of xT 338 by more than ∼ 1 nm.
Dynamics of NL
The lack of correlation between the time-dependent changes in xT H and xT 338 is more apparent in a plot xT H as a function of xT 338 (Fig. S3c) . The dotted line corresponds to xT H = xT 338. Any data point above (below) the dotted line indicates that TH is ahead of (behind) the docking LH-NL. We find that TH follows LH-NL up to 3 nm, after which the TH is predominately ahead of the LH-NL. At the end of the step, the TH moves ∼ 16 nm while LH-NL moves only ∼ 8 nm. Thus, given the TH is ahead of the docking NL during the major duration of the step, it is inaccurate to suggest that TH is pulled by NL docking towards the (+) end of the MT. The TH reaches the TBS at the (+) end through diffusion, with NL docking providing the needed restriction and bias for the TH to reach the TBS.
NL docking is not necessary for detachment of the TH from
the MT. The mutation simulations also allow us to test the hypothesis that NL has to dock to release the TH from the MT. If this hypothesis is correct, we expect that the TH would stay bound to the MT in the mutation simulations (Fig. 5b ). However, TH detaches from the MT (Fig. 5a ) within 5µs ( Fig.  5c ), in 79% of trajectories. Thus, the intramolecular strain within a two-head-bound state alone is sufficient to detach the TH. When the intramolecular strain is released by deleting the LH, the TH stays bound to the MT within our simulation window (50µs), and can resists external force up to 3 pN. Therefore, NL docking in the LH is not necessary to release the ADP-bound TH from the MT.
Our observation is not inconsistent with the leading head gating model (37, 38) . According to the model, ATP cannot bind to the LH until the TH detaches from the MT. In other words, intramolecular stain in the two-head-bound state inhibits ATP binding and thus NL docking to the LH. Therefore, the leading head gate model predicts that TH detachment from the MT occurs before NL docking to the LH. This prediction is supported by our finding that TH detachment from the MT does not depend on docking of NL to the LH.
Discussion
We used simulations of a coarse-grained model with hydrodynamic interactions of the entire MT-Kin complex to (i) quantify the contribution of NL docking and diffusion to the kinesin step, and (ii) illustrate the mechanism by which kinesin avoids side steps. Our model, which is currently the only one to include the effects of MT explicitly, is calibrated to reproduce the experimentally measured stall force (10, 11, 39) , and the force required to dislodge the motor head from the MT (31, 40) (Fig. S2) . Interestingly, these two energy scales suffice to capture all the salient features of the kinesin step. Surprisingly, we find that nearly three quarters of the 16 nm step involves almost random search for the TBS by the TH (Fig.1 and Fig. 3) . The time the TH spends in the stochastic search accounts for more than 95% of the duration for completing the 16 nm step (Fig. 1e ). However, in order to stay predominantly on the same protofilament of the MT, NL docking is necessary to constrain the diffusion of the TH, thus minimizing the probability of side steps (Fig. 4) .
Our simulations underscore the importance of large scale diffusive motion within the kinesin step (Fig. 1) . One might argue that the stochasticity observed in the simulation is due to the simplicity of the SOP model, which is based on short ranged native contacts. The SOP model allows for fluctuations in the necklinker, before it becomes fully docked to the LH. So could a simulation, where necklinker docking in the LH is triggered by less flexible Go-like model, produce a 16 nm step with decreased stochasticity? It is unlikely for two reasons. First, even assuming that the LH neck linker docks deterministically, TH neck linker, which is undocked and connects TH and LH, would introduce stochasticity due to the translation of the TH. At the same time, TH is free to rotate, regardless of the conformational state of the LH neck linker. Second, temporally neck linker docking accounts for less than 5% of the stepping time. Spatially neck linker docking could pull TH towards the plus end by 8 nm at most. The rest of the step has to occur through diffusion, which is independent of the dynamics of neck linker docking. It is also worth noting that Hyeon and Onuchic have shown that the SOP model and the one including dihedral angle potentials in the Golike model lead to qualitatively similar equilibrium properties, further justifying our used of the SOP model (see the SI in (23)). Thus, the physics of kinesin stepping illustrated here is not dependent on the apparent increase in the flexibility of the model.
It is difficult to capture the bidirectional motion of the kinesin motor domain using only the current experimental techniques, due to the small size of the kinesin motor domain (41) (∼ 2nm), and the transient nature of the 16 nm step (11) (∼ 30µs). From a theoretical perspective, however, it seems natural to suggest that diffusion must play a key role in kinesin motility. The rate of diffusion (∼ 4µs −1 , for 16 nm) is much faster than the rate of ATP turnover (∼ ms −1 ). To experimentally test our prediction of the extent (∼ 12nm) and duration (∼ 40µs) of diffusion within the kinesin step, would require tracking the motion of the kinesin motor head using optical trap (42) or FIONA (5) at ∼ microsecond resolution.
In a recent experiment (22) the motion of the unbound head was tracked high temporal (≈ 55µs) resolution using dark-field microscopy. By tracking the position of a 40nm gold particle connected to the motor head through a biotinstreptavidin construct it was shown that the motion of the unbound head towards the TBS occurs by diffusion, in accord with our findings (24) . The large hydrodynamic drag due to the gold particle slows down the actual time scale for stepping, suggesting that the extent of diffusion could be even greater than hinted at by these insightful experiments. Even with this Zhang et al.   497  498  499  500  501  502  503  504  505  506  507  508  509  510  511  512  513  514  515  516  517  518  519  520  521  522  523  524  525  526  527  528  529  530  531  532  533  534  535  536  537  538  539  540  541  542  543  544  545  546  547  548  549  550  551  552  553  554  555  556  557  558   559  560  561  562  563  564  565  566  567  568  569  570  571  572  573  574  575  576  577  578  579  580  581  582  583  584  585  586  587  588  589  590  591  592  593  594 D R A F T high temporal resolution, subtle aspects of search for the TBS such as nearly unhindered rotation of the unbound head and multiple attempts to achieve correct orientation of the motor head with respect to the MT, as discovered here, will have to await future experiments involving labeling at multiple sites and higher temporal resolution.
The observation that NL docking is responsible for only ∼ 4nm out of the 16 nm step (Fig. 3a) shows that NL docking cannot directly pull the motor head to the next binding site. In this respect, NL docking in kinesin is different from lever arm rotation in myosin. This difference is also supported by experiments (28, 43) . If a step is largely due to the conformational change in a mechanical motif (such as docking of the NL or rotation of the lever arm) of a motor protein, then extension of the mechanical motif should lead to an increase of step size and the motor speed. Indeed, the sliding velocity of the myosin motor increases linearly with the length of its lever arm (44) . In contrast, extending the NL by stiff helices or double-stranded DNA does not lead to any increase of kinesin speed (28, 43) . Therefore, NL docking and lever arm rotation must contribute to motor motility in different ways.
The finding that NL docking in the LH is not necessary for detachment of the TH (Fig. 5 ) is consistent with experiments (38, 45) . Using single molecule FRET, Mori et.al. showed that at low ATP concentrations kinesin waits in a one-head-bound state (45) . Given that NL docking is triggered by ATP binding, this result suggests that the TH can detach spontaneously in absence of NL docking. Further, using fluorescence polarization microscopy, Asenjo et.al. provided evidence that the TH is mobile while kinesin waits for ATP (46) . Our findings support a recent experiment demonstrating that intramolecular strain generated by NL docking is not necessary to accelerate the detachment of the TH (38) . According to our simulations, intramolecular strain generated by the two-head-bound state alone could cause the detachment of the TH within 5µs in most instances.
From our study we have inferred a physically reasonable mechanism for avoiding side steps: NL docking limits the access to side binding sites and prevents rebinding to the initial site by constraining TH diffusion ( Fig. 4 and Fig. 6 ). Such a mechanism has been proposed earlier in an important computational study (23) and simulation from our group (24) . Using a computational model based on the potential of mean force experienced by the TH, Hyeon and Onuchic (HO) found that the probability of TH taking side steps depends on the rate of neck linker docking to the LH (23) . In accord with this finding based on equilibrium simulaions, we showed, using detailed stepping dynamics that neck linker docking reduce the probability of side steps (24) . In the current study, we calibrated the energy scales associated with docking, by reproducing experimentally measured stall force. We found docking occurs fast within 1.1 µs, which is smaller than 20 µs, the maximum docking time, estimated from the equilibrium simulations (23) , to avoid side steps. Therefore, despite differences in the simulation strategies, both studies show that neck linker docking reduces the probability of side steps.
However, could side steps be avoided by other mechanisms? For example, instead of limiting the access to side binding sites (Fig. 6b) , is it possible to prevent ADP release at these sites (blue dots in Fig. 6a )? Preferential ADP release is supported by previous experiments. ADP-kinesin affinity is lower when NL points towards the minus end of the MT (31, 40) , implying that the TH is more likely to release the bound ADP when it closer to the TBS than the IBS. However, the observation that the probability of side steps is larger than 50% for a kinesin mutant with extended NL (28) , suggests that TH can release ADP at accessible binding sites (blue dots in Fig. 6a ) other than the TBS. Therefore, in order to minimize the probability of taking side steps, it is necessary to limit the access of the TH to side binding sites by constraining TH diffusion (Fig.  6b) . One simple and elegant way that nature has solved this problem is by constraining the walk through NL docking.
Conclusions
Our results unify two seemingly distinct mechanisms in kinesin stepping, the neck linker docking model (8) and the brownian ratchet model (18) . Furthermore, we also provide a structural explanation for how kinesin stays on a single microtubule protofilament. Our simulations show that kinesin takes the 16 nm step mainly through Brownian motion, with neck linker docking crucially constraining the Brownian motion of the kinesin motor head.
Materials and Methods
Methods. We performed simulations by creating a new coarsegrained (CG) model of the MT-Kin complex (details in the SI). Such models have proved to be efficacious in producing quantitative insights into thestepping kinetics of molecular motors (23, 30, (47) (48) (49) (50) . Additional details, including the creation of the MT-Kin complex with coiled-coil and cargo based on the Self-Organized Polymer model (51) (52) (53) , the determination of the two important parameters, and the simulation details are given in the SI. Remarkably, the only two parameters are needed to quantitatively describe the stepping kinetics, with one accounting for the strength of the neck linker 745  746  747  748  749  750  751  752  753  754  755  756  757  758  759  760  761  762  763  764  765  766  767  768  769  770  771  772  773  774  775  776  777  778  779  780  781  782  783  784  785  786  787  788  789  790  791  792  793  794  795  796  797  798  799  800  801  802  803  804  805  806   807  808  809  810  811  812  813  814  815  816  817  818  819  820  821  822  823  824  825  826  827  828  829  830  831  832  833  834  835  836  837  838  839  840  841  842  843  844  845  846  847  848  849  850  851  852  853  854  855  856  857  858  859  860  861  862  863  864  865  866  867 The circles illustrate the range of sites that are accessible to a free motor head. In (a) the blue sites can be reached with significant probability if neck linker docking is disfavored. Upon neck linker docking to the LH the most probable site to which the TH binds is the one that is along the same protofilament. In both cases the search for various binding sites occurs by stochastic movement after the TH detaches from the MT.
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attachment to the leading head and the other being the strength of the motor head-MT interaction.
We used Brownian dynamics with hydrodynamic interactions (HIs) to generate large ensemble of stepping trajectories. It is important to point out that in order to observe completion of steps in experimentally relevant time scale HIs must be explicitly included (54) . Finally, we note that the use of CG model allows us to generate hundreds of trajectories for both the wild-type and in silico mutants, created by assigning zero gain in the energy due to ordering of the neck-linker to the leading head, so that conclusions with sufficient statistics can be drawn.
